We propose a generic scheme to solve the kinematic controlproblem of wheeled mobile manipulators when the operational motion is imposed. We generalize the Additional Task Method to solve the control problem of these redundant nonholonomic systems.
Introduction
The theme of mobile manipulators kinematic control is now a quite mature topic. Several aspects have been dealt with for the last ten years. Many of these works are detailed and classified in [3] . Among the contributions we can distinguish several problems. To simplify, we can separate them into two main classes: 0 the ones which solve a path planning problem. In that case, the desired solution is apath, generally in the configuration space, parameterized by its curvilinear abscissa; 0 the ones which solve a motion planning problem. In that case, the desired solution is a motion, generally in the configuration space, parameterized by time. This requires a realizable control law for the system consistent with its motion constraints. If we consider only pure motion tasks they can be specified: 0 either by the evolution of the whole system: the configuration is imposed; 0 or by the evolution of the end effector (grip, tool, from now on denoted by EE): the position and the orientation of the EE are then imposed.
Many tools of control theory have been applied to the generation of mobile manipulators motions, from pure computational methods of optimization [7, 26, 171 - in the case of path planning -to control laws with dynamics [11, 15, 14, 13 , 81 in the case of motion planning. Up to now the problem of controlling systems subjected to rolling without slipping ( K W .~. ) constraints (nonholonomic constraints) has given rise to less contributions. It remains a difficult problem. Thus a kinematic approach appears to be a first step, nevertheless sufficient in the case of indoor robotics, where the mobile manipulators have relatively slow motions.
From a kinematic point of view the problem of motion generation has been also studied by various authors [20, 10, 41 . The difficulty consists in the necessary coordination of the two kinematically different subsystems: the platform and the arm. Whereas the tasks of a mobile manipulator are often described by the EE evolutionthus concerning manipulation aspects -it is compulsory to control the mobile platform adequately. Two methods are possible: i) to get a solution for the robotic arm joint values, an adequate platform position and orientation, and then to compute a control law to stabilize the system around the corresponding configuration [25] ; ii) to compute directly the control inputs from the EE specified motion by an inverse of the adequate kinematic model [20, 10, 4] . In this article we consider the second approach: we synthesize the control inputs of the mobile manipulator to obtain the specified motion of the EE. The proposed scheme is as general as possible and consistent with on-line computation. Our control laws are based on the generic modelling proposed in [5] , which we recall in section 2. From this description, we propose to extend Seraji Additional Tasks Method [21] . We thus integrate any number of additional user-defined constraints to the operational task. The different solutions to the problem of control of a redundant mobile manipulator are presented in section 3 and inspired by the work of Nakamura [16] . The main contribution of this paper, compared to previous papers on the same topic, is to propose a generic approach to control a large class of mobile manipulators. The second contribution is to propose methods to express the additional tasks corresponding to real experimental constraints. Thus the control designer can use purposely redundancy, particularly to avoid obstacles. We illustrate the Additional Task Method by a collision free simulation. This simulation is done in a 3D environment and uses an efficient collision detector.
Modelling
The modelling of robotic arms has been explored for more than twenty years, and the resulting models -kinematic or dynamic -are generic at least for open chains. This is not the case of the platforms as their structures are very numerous: wheeled platforms, free flying space systems, undersea vehicles, etc. If we only consider wheeled platforms, the number. of different structures remains quite important, as some systems -outdoor platforms for instance -can be articulated or slip on the ground. To our knowledge, the only wheeled platforms which have led to systematic modelling are those moving on a planar ground, and subjected to K W .~. constraints. They are described and modelled by Campion et al. in 161. It results from this, that a systematic modelling of mobile manipulators is also difficult. We present in [5] the extension of Campion's work to the case of wheeled mobile manipulators. In the following paragraph we recall the main results of this modelling.
Description, configuration, location
We consider the general case of a mobile manipulator built from a mobile platform equipped with an on-board robotic arm. This latter is composed of nu mobile bodies articulated by nu rotoid and/or prismatic joints. The robotic arm is described by its Denavit-Hartenberg modified parameters [12] which define the location of all its bodies, i. e. its whole geometry. The mobile platform has rigid wheels and moves on a planar surface. The number of such structures is limited [6] . The most widely used are the car-like platforms and platforms driven by two independent wheels. At the velocity level the instantaneous location kinematic model (ILKM) of a mobile manipulator sets the derivative of its location as a function of a set of 6, parameters of control, which form the mobile manipulator control vector of mobility 71. These parameters are the control inputs of the system which have an influence on the EE velocity:
(1)
The rest of the control parameters of a mobile manipulator consist of the 6,, velocities P, ( t ) of the steering wheels -when they exist -of the platform about their orientation axis. The corresponding vector: To know the evolution of the mobile manipulator configuration we also define the mobile manipulator instantaneous configuration kinematic model (ICKM):
It isfundamental to notice that, in general, the dimension m of operational space is less than the degree of mobility 6 , of the mobile manipulator. In this case we recall that the problem, mobile manipulator and task, is redundant. From now on, we assume that it is the case.
Kinematic Control

Problem position
The desired operational motion of a mobile manipula-
tor is an application ((*(t) I t E [to, tr]).
The problem of control we deal with -often termed as inverse kinematics problem -is to find the control vector of ma-
) to achieve the desired operational motion. The corresponding evolution of the whole system is given by the actual generalized motion
( q ( t ) I t E [to, t f ] ) .
The aim of this paper is to provide a method to offer the most generic solution to this control problem, thus taking into account the generic modelling of mobile manipulators presented in [ 1, 5] and recalled in . section 2.
In other words we want to propose a servoing scheme so that the actual location e(t) of the EE corresponds to the desired location <*(t), i. e. to stabilize the error location
e ( t ) = i$*(t) -( ( t ) .
To solve this problem, we suppose that the following elements are known: 0 the initial configuration q(to) and thus, in particular, 0 the desired operational motion t*(t);
the ILKM: i(t) = J(t)Q(t); and the ICKM: q(t) = S(t)u(t).
From these data we compute ( ( t o ) = f ( q , ( t o ) , Ep(to)).
Thus there exist two types of problems: 0 a motion following problem when e(t0) = 0; 0 a motion tracking problem when e(t0) # 0.
We assume that the desired operational motion is achievable by the system, i. e. that the desired operational velocities can be obtained in accordance with the mobile manipulator kinematic bounds. An additional constraint is that we want to be able to produce the control inputs of the system at high frequency -typically around 200 H zto be consistent with data sampling.
In the case of robotic arms the State of the Art of kinematic control of robotic arms offers several solutions [ 18, 191 to our problem. Some of them have already been applied to a nonholonomic mobile manipulator built from %(to) and Ep(to); the KM: S ( t ) = f(q,(t), € p ( t ) ) ; a nonholonomic platform with on board robotic arm [20] .
We propose to give solutions consistent with a larger class of systems. We will only evoke inversion methods which are based on the computation of an ILKM inverse.
Additional Task Method
Simplest case: the mobile manipulability degree of steerability is equal to zero. In this case the mobile manipulator has no steering wheel since bSp = 0. We conclude that the degrees of mobility and of manoeuvrability are equal: 6, = 6~ and consequently v = U. The synthesis of the control vector of manoeuvrability U thus reduces to that of the control vector of mobility v.
From now on, we simplify notation by hiding -except special cases -the dependence between features.
As the problem is redundant (m < dm), we set madd additional tasks in the form:
j a d d is thus a matrix of dimension madd x 6 , .
Also we want to regulate Eadd(t) to the velocities of the desired additional tasks c:dd(t). Then the resulting augmented linear system, obtained from equations (4) and (1) It is not necessarily square as it depends on the desired additional tasks that the user may define. Let p=rank&, we now suppose -in order to simplify -that Jt is of full rank, that is
We are going to express the control vector of mobility q by solving, exactly or not, the linear system = Jtv (see appendix A). where Wt is (m + m,dd)-order definite positive matrix.
The second term represents the internal motion of the mobile manipulator. The exponential stability of this control law is guaranteed as: i t = Jtv = i: + Wt(tt* -5 t L that is e t + Wtet = 0. The error e t ( t ) exponentially decreases to zero, and so does e ( t ) . with 16, the G,-order identity matrix, we can finally write:
= J 2 ( $ + W t (~~-& ) ) + ( 1 6 , , ,
-J$Jt)g, Vg E R6,. ( 
7)
The choice of the additional tasks and of vector g is taskdependent. For instance, it can be used to optimize a criterion. where W is m-order definite positive matrix. The second term represents the internul motion. The exponential stability of this control law is guaranteed as:
that is e + W e = 0. The error e ( t ) exponentially decreases to zero.
From theorem A.2 (see appendix A), the 6,-order matrix j$& is positive definite and its pseudoinverse
&+ = (J:&)-lJT is a left inverse of &. w e set:
We notice that L is a right inverse of j. We can thus choose Dj = L . As: Indeed, the orientation of the steering wheels can be controlled independently from the EE position. Nevertheless, their orientation is of great importance. If the position and the orientation of the platform is not fundamental to obtain the desired location of the EE the platform must of course remain in a certain proximity with the EE desired position. We are presently studying this aspect of the problem, to achieve a more general framework for mobile manipulators kinematic motion generation.
4
We consider in this part only the previous simplest case for which 6 . , = 0 and in accordance q = U .
Writing constraints or additional tasks
In the previous section, we have established control methods based on mobility control of mobile manipulators for which the operational motion is imposed. We have shown the advantages of these methods: 0 to obtain a desired internal motion, 0 to solve imposed additional tasks, within the limits of redundancy and with respect to the task. This section aims at establishing systematic methods that use redundancy in order to take into account joint limits, manipulability or obstacle avoidance, for instance. It is devoted to: 0 determining a desired internal motion by a gradient method; 0 determining additional tasks by the so-called constraints method. ,
Internal motions
We can use the problem redundancy to propose a coordination strategy for the internal motion. This can be done by a gradient descent method in which the potential function has its minimum value corresponding to the user requirements. Let P be a scalar function depending on the mobile manipulator configuration q. Using (2) we can write:
where V P is the gradient of the function P. If we consider only the internal motion, then:
In order to decrease P we propose the choice:
where IC is a positive scalar. Indeed, with this choice it is obvious that P 5 0. This approach has been applied with various functions for P in [2, 4] , notably through the use of the mobile manipulator measure of manipulability [4] .
0 Case p = 6 , < m + ma&: additional tasks error minimization We choose g = jzil in (10) such that the proposed solution was the solution -at least for a motion following problem -to the problem:
Thus it allows to complete the task -the constraint -and minimize the error on the additional tasks. Indeed, those tasks are more than the degree of redundancy and thus cannot be achieved exactly.
Constraint method
Principle. The constraint method has been proposed by Faverjon and Tournassoud [9] . It allows to produce constraints taking into account obstacles from distance measures. Indeed, the minimization of a function hides a number of problems. The authors want to consider the anticollision constraints and the task dependent constraints independently in order to avoid lockouts [23, page 991. This method is based on distance measure between the nearest polyhedra in the workspace -denoted by Pi and P2 -and on its derivative. Let d be this distance and Cl, C, the respective points of the polyhedra such that:
The coordinates of these points are respectively eCl and e, , in R. The configurations of the polyhedra PI and PZ are respectively q1 and qz. Finally, let fi be the unit vector of the line (Cl CZ), with components n in R.
We have: ClC2 = d 6. As: In a similar way we find:
In the different cases, equations (15) and (16) give the derivative of the distance. Of course, the calculations can be generalized when several obstacles are mobile and several mobile manipulators are present.
From the expression of the distance derivative d, we have to express a constraint on the control inputs which allow to avoid collisions between PI and P2 that is such that d > 0, V t 2 0. We try to find this constraint in the form of an additional task. We previously established the relations linking the distance derivative to the control vector of mobility q. We now have to impose the evolution of the distance so that it remains positive. To that purpose we define the distance of influence di and the distance of security d,, such that: 0 d must always be greater than d,; 0 if d 2 di the evolution of the distance d is not controlled.
To avoid collisions between the bodies, d(d,) must be positive. Faverjon and Tournassoud [9] show that the choice:
ensures the anti-collision previous conditions. Equation (17) corresponds to an inequality constraint on the control inputs of the mobile manipulator. The method is: we compute the control inputs without the anticollision additional task. Then: 0 if d satisfies (17), we don't add the constraint; 0 otherwise we add the additional constraint in the form:
where i: = d and j a d d = nT (Jc, -jcl ).
Practical issues
The anti-collision constraint is of course a priority on a robotic system. satisfactory protections to avoid collisions with the environment and collisions between bodies of the robot itself. We also notice that the collision avoidance constraint is not added when the mobile manipulator is not in the zone of influence of the obstacles or not in a configuration near auto-collision. So in an workspace with few obstacles, the system has a greater redundancy since this constraint doesn't exist anymore.
To write the collision avoidance constraint it is necessary to have an information on the distance between the bodies in the environment. Distance computation is not easy in a general framework. To characterize the position of the different polyhedra in the workspace and moreover to compute distances between them we need a dedicated tool. Particularly for its distance measure and its high performances we chose to use KCD collision detector 1241. A simulation of our control law has been developed with Move3D -LAAS software - [22] . Figure 1 represents the mobile manipulator of LAAS. It is built from a two independently driven wheel mobile platform and a six rotoid joint robotic arm. The desired motion corresponds to a Cartesian straight line of the EE with adequate velocities -the EE orientation is not specified in this task. Figure 1 (a) represents the collision in motion of the mobile manipulator without taking into account the additional collision avoidance constraint. Figure 1 (b) shows the achievement of the motion with the use of the proposed method. 
Conclusion
In this article, we propose a control scheme to solve online the problem of mobile manipulators control when the end effector motion is imposed. As the system is redundant we develop a method termed as the Additional Tasks Method to provide solutions whatever the number of additional user-defined tasks is. Indeed, the different solutions depend on the number of additional tasks compared to the degree of mobility of the mobile manipulator. We explain how to benefit from redundancy, thanks to the combined use of internal motions -gradient descent method -and additional tasks. In particular, we focus on the design of anti-collision additional tasks with the constraint method.
The case of mobile manipulator with platforms having steering wheels is evoked but not developed. It remains one of the main open problems associated to our study.
A Appendix
We recall some theorems and properties of linear systems to help the reader understand the proposed solutions.
Let A be a given m x n-dimensional matrix with rank r and let y be a given m-dimensional vector, we want to solve the linear system:
i. e. to find the unknown n-dimensional vector x. We define the following minimization problem:
If the minimal solution is zero, then x is such that y = A x and is an exact solution of the problem. A necessary and sufficient condition is the consistency of (19). If the minimal solution is not zero, then y # A z and y is a least square solution of (19) . Then, system (19) is not compatible.
Theorem A.4
The general solution of (20) is:
where x is any vector of R".
